In this study, detonation limits in very small diameter tubes are investigated to further the understanding of the near-limit detonation phenomenon. Three small diameter circular tubes of 1.8, 6.3, and 9.5 mm inner diameters, of 3 m length, were used to permit the near-limit detonations to be observed over long distances of 300 to 1500 tube diameters. Mixtures with high argon dilution (stable) and without dilution (unstable) are used for the experiments. For stable mixtures highly diluted with argon for which instabilities are not important and where failure is due to losses only, the limit obtained experimentally appears well to be in good agreement in comparison to that computed by the quasi-steady ZND theory with flow divergence or curvature term modeling the boundary layer effects. For unstable detonations it is suggested that suppression of the instabilities of the cellular detonation due to boundary conditions is responsible for the failure of the detonation wave. Different near-limit propagation regimes are also observed, including the spinning and galloping mode. Based on the present experimental results, Communicated by S. Dorofeev. an attempt is made to study an operational criterion for the propagation limits of stable and unstable detonations.
Introduction
Detonability limits refer to the conditions, outside of which the detonation wave fails to propagate [1] . Limits are consequence of the influence of initial and boundary conditions on the propagation mechanism of the detonation wave. The onset of detonation limits depends on a combination of many factors, in general, e.g. tube diameter, the initial thermodynamic state of the mixture ( p, T ), and the mixture composition, etc., all of which can render the detonation to fail [1] .
For small tubes, boundaries introduce heat and momentum losses and these losses can cause detonation velocity deficits and eventually failure. The boundary layer behind a propagating detonation wave leads to flow divergence in the reaction zone, and the effect is similar to that of wave curvature that results in velocity deficits and failure again below a critical curvature of the front. For most gaseous combustible mixtures, detonations are unstable and the instabilities have been known to provide an essential mechanism for detonation propagation. The interference of the tube wall with the intrinsic instability of the cellular detonation front again can lead to limit, for example, when the boundary conditions do not permit even the lowest unstable mode to occur, the detonation fails. Because of all these possible combined effects, it remains difficult to predict the limit and isolate which mechanism dominates to cause failure.
Near the limits, the propagation phenomenon is generally unsteady and very complex. Extensive studies of the limit problem have been carried out in the past. Manson and Guénoche [2] studied explosive mixtures of acetyleneoxygen and propane-oxygen at different compositions, and found that for a given composition, the detonation velocity decreases linearly with the tube diameter as the limit is approached. They proposed that the velocity deficit and limit are results of a quenched layer of mixture in the vicinity of the tube wall due to heat losses. Gordon et al.
[3] studied experimentally the phenomenon near the detonation limits in hydrogen-oxygen mixtures in a 20 mm diameter tube for a range of initial pressures and mixture compositions. Their studies indicated that the appearance of the lowest unstable mode of spinning detonation is an indication that detonation limit is approached. Further progress toward the limits after the onset of the spinning detonation regime results in failure. It may be concluded from Gordon's study that instability is an important mechanism in the propagation of a detonation wave and when boundary conditions are such that even the lowest unstable mode is suppressed, the detonation failed. Pusch and Wagner [4] investigated detonation limits in methane-oxygen mixtures and confirmed that the detonability limit is a function of tube diameter, as well as the initial thermodynamic state ( p, T ), and mixture composition. Their experiments showed the limiting tube diameter is a minimum near the most detonable stoichiometric mixtures. Thus their study implicitly implies that the limiting tube diameter is linked to the reaction zone thickness. Failure occurs when the reaction zone thickness becomes the same order of the tube diameter. The importance of Wagner's work is that it showed detonation limit is not a fundamental property of the explosive mixture only, but also of the boundary conditions.
Manson et al. [5] were perhaps the firsts to point out explicitly that detonability limit is closely related to the stability of the detonation wave. They attempted to define limits on the basis of the local velocity fluctuations from the mean value, which they used as a measure of instability. They studied propane-oxygen-nitrogen mixture and took streak Schlieren photographs of the detonation, which showed increasing scale of the instability of the structure as the limit is approached. They also discovered the galloping detonation mode in certain cases, a periodic failure and re-initiation of the detonation that occurs cyclically over distance of propagation of a hundred tube diameters of travel when limits occur. Galloping detonations were considered as the lowest unstable self-sustained mode of propagation even though during the galloping cycle, the detonation actually failed with the reaction zone decoupled from the precursor shock followed by re-initiation of a detonation. However, galloping detonations are still self-sustained and can propagate for many cycles. Later, St-Cloud et al. [6] investigated in more detail the structure of galloping detonations. They investigated propane-oxygen-60% nitrogen mixture and showed that the reaction zone completely decoupled from the leading shock in the low velocity phase of a galloping cycle prior to re-establishment of the detonation to begin the next cycle of galloping. Thus at the limit the detonation can fail completely and becomes a deflagration and then re-initiate itself again in a galloping cycle.
Because of the effect of boundary conditions, the propagation limits should be governed by the tube dimension and geometry. With the importance of instability in the near-limit conditions, the tube diameter should be correlated to the characteristic length scale of the detonation itself. In Moen et al. 's [7] investigation they proposed that the onset of the spinning mode can be used as the criterion for defining the detonation limit. From the acoustic theory of spinning detonations, Moen et al. arrived at the limit criterion of λ = 2 · d, where λ is the cell size of the detonation. Thus, Moen et al. directly linked instabilities to the detonation limit by proposing a criterion based on the lowest unstable spinning mode. Dupré et al. [8] [9] [10] investigated further on the limit criterion and carried on experiments in five detonation tubes of decreasing diameter (152, 97, 74, 49, and 38 mm) at atmospheric initial pressure in lean hydrogen-air mixtures. Their results indicated that most of the near-limit detonations occurred in a region described by λ = π · d, a criterion first proposed by Lee [11] . Lee argued that since π · d represents the largest characteristic length scale of the tube it should correlate with the length scale that characterizes the sensitivity of the mixture i.e. detonation cell size λ. Dupré et al. also showed that the maximum velocity deficit for the last stable mode of propagation corresponded to about 10% velocity deficit from the CJ velocity. Dupré's results indicate that both velocity deficit and instability characterize the detonation limits. Manzhalei [12] studied the limits of galloping detonations in capillary tubes in an acetylene-oxygen mixture and demonstrated the existence of boundary layer stabilized steady waves at velocities as low as half the normal CJ value. Thus the low velocity phase of the galloping cycle can be ascribed to the effect of boundary layer.
Lee et al.
[13] developed a Doppler microwave interferometer technique to observe the continuous velocity fluctuations of near-limit detonations in a variety of mixtures. They classified the near-limit propagation phenomenon to consist of a spectrum of unstable phenomena from stable spinning, rapid fluctuation, stuttering, and galloping modes with increasing fluctuation in the velocity. They measured continuously the velocities over a long distance of propagation, of the order of 300 tube diameters.
Recently, Kitano et al. [14] studied the deficits of detonation velocities in hydrogen-oxygen mixtures over long distances of propagation ranging from 300 to 1000 tube diameter distances, and focused on the spinning detonation mode and its transition from multi-head detonations. Chao et al. [15] also investigated the velocity deficits of the nearlimit detonations in two-dimensional annular channels for stable argon diluted mixtures. Their study indicates that the
